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ABSTRACT
Fibre-bundle endomicroscopy is an emerging medical imaging tool. Inter-core coupling within coherent fibre
bundles limits the technology’s imaging capabilities. We introduce a novel approach for quantifying and modelling
cross coupling, optimising image reconstruction.
1. INTRODUCTION
Fibre-bundle endomicroscopy1 (FBEµ) is an emerging, fibre-based imaging tool with clinical and pre-clinical
utility. FBEµ has been deployed to image a range of organ systems, including the gastro-intestinal,2 urological3
and the respiratory tracts.4 Recent developments in FBEµ and associated fluorescent SmartProbes present a
need for sensitive imaging with high detection performance.5 Inter-core coupling within coherent fibre bundles
is a well recognised limitation, resulting in blurring of the imaged structures and consequently a worsening
in the associated limits of detection. Fibre cross coupling has been studied both experimentally6 and within
a theoretical framework (coupled mode theory),7 providing recommendations for optimal fibre bundle design.
However, due to physical limitations, such as the trade-off between cross coupling and core density, cross coupling
can be suppressed yet not eliminated through optimal fibre design. This study introduces a novel approach for
measuring, analysing and quantifying cross coupling within coherent fibre bundles, in a format that can be
integrated into a linear model, which in turn can enable computational compensation of the associated blurring
introduced to FBEµ images. More details can be found in.8,9
2. METHODOLOGY
Multiple (12) regions-of-interest (ROIs) consisting of 25 neighbouring cores, each in a rectangular arrangement,
were measured at 520 nm and 635 nm. Prior to the acquisition of each ROI, a flood illumination image of the fibre
was captured with a CMOS camera(Fig. 1.a), (i) ensuring that the imaging system was in focus at the camera end
of the fibre, (ii) enabling the segmentation of the individual cores within the field-of-view, (iii) extracting their
associated size and location parameters (Fig. 1.b), and (iv) creating a connectivity list between cores, identifying
rth -order neighbours (r = [1, 5]) for each measured core (Fig. 1.c). Then, for each individually illuminated
(laser) core within a ROI, an image at the distal end of the fibre was acquired, enabling the quantification of the
light coupled through the central core as well as its immediate and extended neighbours (Fig. 2). The optimal
position of the incident laser light was manually adjusted, illuminating the centre of the examined core. Finally,
for each image within a 25-core ROI, the mean intensity across pixels in the binary mask associated with the
central core, as well as each of the rth-order neighbouring cores, was estimated and distributions of the associated
coupling spreads were derived. This information was used to create a forward linear model v = Hu + ω of the
average light cross coupling across a coherent fibre bundle. H was the matrix representation of a convolutional
operator modelling average cross coupling between fibre cores. Vector ω represented the additive Gaussian noise.
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Figure 1. (a) System for illuminating (635 nm and 520 nm) a single core within a coherent fibre bundle, and recording
the coupling of light across its neighbours. Example binary mask highlighting cores and the associated (b) triangulation,
linking cores to (c) immediate & extended neighbours. Images (a) and (b-c) have been reproduced (cropped) from Figures
1 and 7 respectively of Characterization and modelling of inter-core coupling in coherent fiber bundles by (Perperidis et
al., 2017b) under CC BY 4.0.
Figure 2. Broad coupling pattern categories: (a) even spread fading with distance, (b) seemingly random spread in both
location and magnitude, and (c) a combination of the even and random spreads. (d) Distance (in pixels) of each core
to the corresponding central core against the proportion of light coupled through the core at 635 nm. Cores grouped
into neighbouring layers from immediate (green) to extended (blue, cyan, magenta, yellow) Images (a-c) and (d) have
been reproduced (cropped) from Figures 8 and 11 respectively of Characterization and modelling of inter-core coupling
in coherent fiber bundles by (Perperidis et al., 2017b) under CC BY 4.0.
Figure 3. Cross coupling effect on simulated (a-c) and real (d-f) FBEµ images of the USAF chart. (a) Binary image
of USAF chart, fibre-core locations, (b) interpolation, (c) image after applying estimated cross coupling. (d) Real FBEµ
image of fluorescent USAF chart. (e) Interpolated image. (f) Processed image estimating the original de-convolved data.9
(g) Cross section of image target. Images (a-f) and (g) have been reproduced (cropped) from Figure 15 and 16, respectively
of Characterization and modelling of inter-core coupling in coherent fiber bundles by (Perperidis et al., 2017b) under CC
BY 4.0.
3. RESULTS AND DISCUSSION
Figure 2 demonstrates characteristic coupling spreads from the central core, broadly categorised into three
classes, (a) relative even spread amongst neighbours, fading with distance, (b) seemingly random spread in
both location and magnitude, and (c) a combination of the even spread implanted with random cores of high
coupling. The exact coupling pattern for an individual core can be affected by movement of the fibre bundle.
Consequently, quantifying the overall spread of light to neighbouring core layers provides a more robust statistical
characterisation. Fig. 2.d illustrates the relationship of the proportion of light coupled to a core, and its distance
to the central (illuminated) core at 635 nm. While overall coupling tends to decrease with distance from the
central core, when observed in terms of individual neighbouring layers there appears to be no direct correlation
between small distance changes and relevant light coupling changes. Similar behaviour is observed at 520 nm.
Subsequent analysis was based on grouping cores into 5 neighbouring layers rather than explicitly considering
the distance of a core to the illuminated central core. Table 1 summarises the underlying distributions of the
spread of light to neighbouring layers. To assess the effect of the estimated light cross coupling, simulated data,
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as imaged through a coherent fibre bundle, of a USAF 1951 chart were generated (Fig. 3.a-c). In addition, real
FBEµ images of the USAF chart were recorded, prior to any sampling/interpolation (Fig. 3.d) and after linear
interpolation removing the core honeycomb patterns (Fig. 3.e). The proposed model (Fig. 3.c) provides a close
match to the substantial image degradation observed in real FBEµ data (Fig. 3.e). Applying an optimisation
based deconvolution and restoration method can remove the effect of cross coupling increasing the contrast
(Fig. 3.f).
4. CONCLUSIONS
This study demonstrated the feasibility of a robust distribution estimation of cross coupling spread at 520 nm
and 635 nm. The quantified coupling spread can be fed into a linear model, which in turn can be employed to
computationally estimate the underlying, de-coupled data. Future directions include characterising a range of
coherent fibre bundles, and developing novel algorithms to computationally compensate for inter-core coupling.
Table 1. Mean coupling spread per individual core as well as per neighbouring layer.
520 nm 635 nm
Layer Mean per core (SD) Mean per layer Mean per core (SD) Mean per layer
Central 61.0 (9.1) 61.0 61.7 (13.6) 61.7
1st 5.6 (4.7) 33.6 3.8 (4.5) 22.7
2st 3.1 (1.2) 3.8 0.7 (1.9) 8.9
3rd 0.1 (0.4) 1.1 0.2 (0.8) 3.6
4th 0.0 (0.2) 0.4 0.1 (0.4) 2.0
5th 0.0 (0.1) 0.2 0.0 (0.2) 1.1
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